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ABSTRACT

The Gemini SE-7 Engine was qualification tested for use as the
ullage motor for the Saturn S-IVB stage. The engine was subjected
to hot firing tests and vibration/shock tests. All program objectives
were met and the engine was deemed qualified for use in the S-IVB
stage Auxiliary Propulsion System.
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QUALIFICATION OF THE GEMINI SE-7 ENGINE
AS THE SATURN S-IVB STAGE
ULLAGE CONTROL THRUSTER

By
Donald E. Pryor

George C. Marshall Space Flight Center
Huntsville, Alabama

SUMMARY

A test program was conducted to qualify the Rocketdyne, Gemini
SE-7 Engine for use as the ullage control thruster for the Saturn
S-IVB stage. The program was performed in two phases: a hot
firing test series, designed to qualify the engine for the S-IVB
Auxilliary Propulsion System (APS) duty cycle and environment; and
a vibration/shock test series to sybject the engine to structural
loading estimates of the stage input to the APS module.

The hot firings demonstrated the engine capability of meeting the
specified requirements for S-IVB ullage control. Vibration analysis
indicated the thrust chamber assembly was weak in the areas of
attachment to the APS module. Modifications to the attach points
were designed, fabricated, tested successfully, and incorporated into
the flight version of the engine. All program objectives were met
and the engine was deemed qualified for use in the S-IVB stage
application.

INTRODUCTION

On March 24, 1965, the hot firing of a Rocketdyne SE-7 engine
initiated a program to qualify this type thrustor as the ullage control
engine on the S-IVB stage. The SE-7 engine was designated for this
application by NASA Headquarters on March 30, 1964. The decision
was based upon a recommendation made by the OMSF Storable Fuel
and Engine Task Force in December, 1963. This group surveyed the
field of existing small, storable propellant engines and determined the
SE-T7 to be best suited from the standpoint of propellants, thrust and



performance levels, demonstrated reliability, and advanced state of
development. This engine was being developed for the Gemini Space
Craft 6 (S/C 6), Orbital Attitude Maneuvering System (OAMS), which
required a duty cycle and operating conditions significantly different
from the S-IVB ullage control cycle. Table I gives a requirement
comparison between the two engine applications. The primary functions
of the SE-7 for S-IVB services are to settle the main tank propellants
following insertion of the stage in orbit, and provide acceleration
during pressurization of the hydrogen tank and chilldown of the

J-2 engine. The qualification program was designed to subject the
engine to conditions that were equal to, or more severe than, any
that would be experienced during S-IVB flight. A chronological list-
ing of the major program milestones is presented in Table II.

Due to the engine contractor's primary commitment to support
the Gemini applications for this engine, the selection of the SE-7
carried the restriction that the contractor would not compromise his
efforts in support of a qualification program or any engine modifica-
tion development relating to its use on the S-IVB stage. This

necessitated that the qualification test program be conducted at the
facilities of either the Marshall Space Flight Center or Douglas Air-

craft Company. The engine contractor did, however, lend support in
the design of structural modifications to the thrust chamber and in
retrofitting these modifications to all previously delivered chambers.
This was completed on a non-interference basis during a period of
reduced activity at the contractor's facilities.

The engine, pictured in FIG 1, operates with the hypergolic
propellants nitrogen tetroxide (N,0O,) and monomethyl hydrazine (MMH).
The combustor body and 40:1 expansion ratio nozzle are fabricated
from a high-silica laminate fabric material impregnated with a phenolic
resin. The chamber has a one piece graphite composite liner, and
the throat is an insert of silicon carbide. The combustion chamber
and nozzle are encased within a thin, stainless steel shell with an air
gap maintained between the shell and combustor body for alleviation
of any outgassing of the ablative material during engine operation.

Chamber cooling is accomplished by the combination of a
combustor wall boundary layer of pure fuel (MMH) and the ablative
action of the silica laminate portion of the wall itself. The injector
has a fuel cooling ring with 16 orifices directed toward the combustor
wall,while propellant mixing is accomplished by 16 pairs of fuel-on-
oxidizer doublets. Impingement of the fuel and oxidizer takes place
at a splash plate that is integral with the injector body. Propellant
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TABLE I

PERFORMANCE REQUIREMENTS COMPARISON

NOMINAL THRUST (LBF.)

O/F

PROPELLANT INLET PRESSURE (PSIA)
MINIMUM SPECIFIC IMPULSE (SEC)
NO. OF STARTS

TOTAL FIRING TIME FOR QUAL (SEC)
MAXIMUM CONTINUOUS BURN (SEC)

MISSION DUTY CYCLE (SEC)

TABLE II

S-IVB GEMINI

72 + 5% 94.5
1.27 1.2
195 295
2170 -

4 MULTIPLE

640 757
400 97
454 557

MAJOR PROGRAM MILESTONES

DIVISION OF ATTITUDE CONTROL AND
ULLAGE REQUIREMENTS FOR S-IVB

DECISION TO UTILIZE SE-7 ENGINE
FOR ULLAGE CONTROL

AUTHORIZATION TO ROCKETDYNE
FOR ENGINE PRODUCTION

FIRST QUAL ENGINE RECEIVED

INITIATION OF HOT TESTING

INITIATION OF VIBRATION PHASE

QUALIFICATION COMPLETION DATE

AUGUST, 1963

MARCH 30, 1964

JANUARY 19, 1965

FEBRUARY 18, 1965
MARCH 24, 1965
MAY 11, 1965

AUGUST 17, 1965
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flow is controlled by two fast-acting solenoid valves, which are
mounted directly to the back of the injector. A chamber pressure
measurement fitting was provided on the injector back face and
connected to the chamber by means of a 1/8 inch port. The engine
has an overall length of 16 inches, an outside major diameter of

4 inches, a throat diameter of 0.710 inch, and a nozzle scarf angle
of 10°,

In order for a complete qualification test program to be con-
ducted, four thrust chamber assemblies (TCA) were required. The
first unit, TCA 1, proved the engine capable of meeting the require-
ments of the basic duty cycle under vacuum conditions. TCA 2
proved the service life of the engine when subjected to repeated duty
cycles at elevated propellant and thrust chamber temperatures. Tests
with TCA 3 investigated the performance effects of off-design operat-
ing conditions, while TCA 4 underwent vibration analysis followed by
another duty cycle service life examination similar to that of TCA 2.
The four engines were subjected to a total of 65 firings, four firings
per duty cycle.

A stringent pre-test inspection was given each engine upon
receipt from the contractor's manufacturing and checkout facilities.
This inspection included visual, weight, dimensional, and X-ray
examination followed by propellant valve functional, proof pressure,
and leakage tests (See Ref. 1 for procedure). Two engines failed to
pass pre-test inspection; one had a leak in the chamber pressure
measurement tap, while the other had a short in the propellant valve
electrical system. Both were exchanged with the contractor for
acceptable engines.

A post-test inspection consisted of essentially the same procedure
as the pre-test examination. Very little change in the basic engine
characteristics was detectable between pre-test and post-test
inspections. The results of the pre-test and post-test inspections
were entirely satisfactory, indicating that the fabrication and assembly
procedures were acceptable for flight hardware.

During the hot firing phase of the program, the engine demonstrated
an impressive service life (in excess of 2600 sec) while maintaining an
acceptable performance level at various off-design operating conditions.
The off-design tests included propellant inlet pressure and temperature
variance as well as engine hardware temperature conditioning. All
static tests were conducted at a simulated altitude of approximately
110,000 ft. The most significant incidents of the hot firings were the



cracking of the graphite composite chamber liners on two out of the
four engines tested, and the cracking of the silicon carbide nozzle
insert on one of these two engines. However, this failure did not
affect the performance noticeably nor contribute to any further engine
abnormalities and was, therefore, not classified as a qualification
failure requiring thrust chamber redesign.

Vibration tests indicated that the chamber was weak in the areas
of attachment to the APS module. Design modifications were
implemented and tested during the vibration/shock qualification tests.
Results of vibration tests were satisfactory, and all previously
accepted engines were retrofitted with those modifications recom-
mended as a result of the tests. A description of this phase of the
program is included in this report.

The program is described in detail under the two major categories
of Hot Firing Qualification and Vibration/Shock Qualification.
Appendix A presents a typical copy of the hot firing measurement
program. The hot firing test procedure is outlined in Appendix B,
and selected data from these tests is found in Appendix C. Data
from the vibration/shock tests is contained in Appendix D. .
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The Environmental Test Section of Test Laboratory was respon-
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Mechanical Research Branch of the Propulsion and Vehicle Engineer-
ing Laboratory with data analysis performed by the Vibration and
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Considerable engineering support was received throughout the
program from the SE-7 engine contractor (Rocketdyne) and the S-IVB
stage contractor (Douglas Aircraft Company).

HOT FIRING QUALIFICATION

Test Requirements

Four Gemini SE-7 engines were subjected to Qual hot firing tests
in accordance with the requirements specified below:

TCA 1 - Test through one simulated mission duty cycle (see
Table III) with ambient temperature propellants and engine.

TCA 2 - Pre-soak the engine at 150° F before static firing, and
then fire in accordance with the Qual duty cycle with 120°F propellants.
Repeat duty cycle until castastrophic failure occurs (as defined in note
2 of Table III) or until successful completion of the fourth duty cycle.

TCA 3 - Test for performance evaluation at off design values of
temperature and valve inlet pressures as tabulated in Table IV.
Upon completion of performance evaluation tests, static fire with
valve inlet pressures of 400 psia (corresponding to maximum system
transient pressure) for five seconds.

TCA 4 - After specified vibration/shock qualification, static fire
in accordance with the Qual duty cycle listed in Table III with ambient
temperature propellants and engine. Repeat the duty cycle until
catastrophic failure occurs (as defined in note 2 of Table III) or until
successful completion of the fourth duty cycle. A typical test proce-
dure is contained in Appendix B.

Description of Test Facility

All tests were conducted at the Storable Propellant Facility of
the MSFC Test Laboratory. The basic items comprising the facility
were: a test stand; two 100-gallon, 304 stainless steel storage tanks
(one per propellant); two 26-gallon, 304 stainless steel run tanks
(one per propellant); an altitude cell; an engine diffuser; an exhaust
gas cooling duct; a mechanical vacuum pump; a two-stage steam
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ejector; an altitude chamber isolation (vacuum) valve; facility valves
and tubing; two scrubbers (one per propellant; a floor deluge system,;
propellant tank and feed line heaters; a control room; and a measur-
ing center. See FIG 2 for an overall facility picture and FIG 3 for a
schematic illustrating the pressure profile throughout the altitude
system. FIG 4 contains a propellant piping schematic. The engine
was mounted in the altitude cell as shown in FIG 5.

Propellant vents, drains, and bleeds were routed to scrubbers
that were filled with crushed limestone and water. The overflow
from each scrubber was directed to a holding pond containing water
and neutralization agents (sodium bicarbonate for N,O, and sodium
hypochlorite for MMH). All valves in.contact with the propellants or
their vapors were of 304 stainless steel with teflon seats. Tubing
and fittings used in the propellant piping systems were of 304 or 316
stainless steel.

For firings at elevated temperatures, the propellants were
heated by three 2-kilowatt band heaters wrapped around each run tank
and by a 50-watt tape heater wrapped around each propellant feed line.
The engine was heated by two 250-watt infrared lamps. Cooling of
the propellants and the engine was achieved by flowing LN, through
copper tubing coiled around the tanks, the feed lines, and the engine.

Dry gaseous nitrogen was used as the propellant tank pressuriz-
ing media and for purging the propellant lines and engine. A 20 psig
GN, '"blanket'" pressure was maintained in each propellant tank be-
tween test days, and at the end of each test day, the engine was purged
with GN, by simultaneously opening the main engine valves with the
steam ejector on. After several minutes of GN, purge, the purge
valves were closed. The engine valves were left open and the engine
and feed lines were '""'vacuum'' purged with the steam ejector. This
purging procedure removed all propellant downstream of the facility
prevalve. After each test, propellant was left standing between the
run tank and the prevalve in the section of feed line that contained
the flowmeters.

Protective clothing and breathing equipment were worn by all
personnel involved in any operation where there was possible
exposure to the propellants or their vapors. The protective clothing
consisted of a neoprene coated nylon suit including pants, coat, and

10
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hood, neoprene boots, and neoprene gloves. Air masks with demand
type regulators were used for respiratory protection.

Instrumentation

Fifty measurements were taken in most of the tests conducted in
this program. These measurements included 18 pressures, 22
temperatures, four flowrates, one thrust, two voltages, and two
currents. Redundant measurements (two each) were taken on oxidizer
flow, fuel flow, and chamber pressure. A description of each meas-
urement is contained in Appendix A (typical copy of the measuring
program).-

The nominal instrumentation accuracy was determined to be + 1%
of the calibrated range for strip chart measurements and + 3% of the
calibrated range for oscillograph measurements. Exceptions to the
oscillograph accuracy are the propellant flowrates that are determined
to be accurate to + 1%.

Thrust Measurement

The FluiDyne flex-cell, a parellelogram flexure that incorporates
a force measuring element (strain gage) as an integral part, was used
for thrust measurement on the first three engines due to its simplicity
and encouraging results obtained in a test of a prototype engine. How-
ever, during the relatively long firing periods of the Qual testing,
radiation from the engine exhaust gases and diffuser inlet produced a
zero shift effect on this device. This problem was substantially
alleviated by enclosing the flex-cell in an asbestos lined aluminum
box. This fix, however, did not entirely eliminate the zero shift
problem, particularly during the environmental conditioning tests.
The relatively large metal mass of the flex-cell made it extremely
sensitive to temperature. Also, an electrical malfunction in the flex-
cell produced invalid thrust data on TCA 2. In this case, the thrust for
each firing was computed based on Pc, throat area, and Cf data
generated by Rocketdyne during acceptance testing and by Test
Laboratory during Qual testing on TCA 1 and 4.
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The thrust measuring system for TCA 4 used a Revere strain
gage type load cell with the engine and its mounting bracket supported
by four flexures. The rear of the engine mounting bracket was butted
against a rigidly supported load cell (see FIG 6 for a photograph of
the thrust measuring system). This system encountered a large
instrumentation zero shift whenever the test cell was evacuated.

This shift was apparently due to the interaction between the thrust
mounting assembly and the altitude chamber walls, because the
assembly was welded to the walls. However, the shift was easily
zeroed out after the test cell was evacuated.

Also, in each test of TCA 4 the thrust trace started decaying at
approximately X + 20 seconds. The total amount of thrust decay
during the test was equal to the zero shift indicated at the end of the
test. The zero shift was determined to be due to heat being radiated
from the engine diffuser to the flexures. This was substantiated by
using a '"'sun gun'' to apply heat to the flexures and monitoring the
zero shift on the load cell. Because of the zero shift effect on each
thrust measuring system as related to firing duration, thrust
accuracy of + 1% was retained by using data obtained at 10 and 15-
second slice times. The performance values included in this report
were based on this data.

Propellant Flow Measurement

Propellant flow data were recorded using Cox and Spaco rotating
vane type flowmeters. The Cox flowmeters, furnished by Rocketdyne,
were calibrated in the propellant media (MMH or N,O,) at a tempera-
ture of approximately 70°F. The Spaco Flowmeters used to measure
fuel flow were calibrated with water at 70°F; those used'to measure
oxidizer flow were calibrated with N,O, at 70°F. Redundant measure-
ment of each propellant flow was accomplished by placing two flow-
meters in series. A propellant flow check was performed prior to
each test by flowing propellant through a fixed orifice and recording
the flowrate. Based on comparative flow data from series measure-
ments in the fuel system, it was determined that water calibrated
meters could be used in measuring MMH flow within + 1% error.

This was not the case for the oxidizer. As stated above, all

oxidizer flow data was obtained using meters calibrated in N,O, at
70°F. There was some concern over the accuracy of the flow data

16




»

17




obtained using the 70°F calibrations when the propellants were
thermally conditioned at the temperature limits (+ 20°F and + 120°F)
dictated by the Qual Test Program. The Test Laboratory Instrumen-
tation Development Branch conducted a limited investigation of this
matter. The investigation consisted of calibrating the same type
meters with water at various temperature levels. Based on the
results, it was determined that an additional 2% flow deviation could
be encountered at the temperature extremes of the Qual Program
when using T0°F calibration data. This information, coupled with the
standard instrumentation error of T 1%, could result in flow
accuracies of + 3%.

Instrument Calibration

All pressure and thrust instruments were calibrated before each
test. Pre- and post-test calibrations were usually taken on such
measurements as thrust and environmental pressure. The crans-
ducers, which measured engine chamber pressure and propellant
valve inlet pressures, were post calibrated. In the case of deviation
between the pre- and post-test calibrations, the best calibration in the
judgement of the test engineer was used for data reduction purposes.
Electro-mechanical checkouts were performed to assure that all valves
and cutoffs were operating satisfactorily before test initiation. Samples
of each propellant were obtained for purity analysis after each propel-
lant tank fill.

Electrical Control System

The electrical control system provided remote control for all
valves in the test system with the exception of manual valves and the
pressure operated steam regulator valve. The control system was
such that all remote controlled valves could be operated individually
or incorporated in an automatic sequence circuit. The electrical
control power of 28 volts DC was supplied from a Nobatron DC
generator.

The control sequence contained safety factors that made it

impossible to obtain engine ignition until certain predetermined
facility conditions were satisfied, such as proper valve position and

18




adequate GN, supply pressure. Major signals - valve positions,
ignition, cutoff, etc. - in the firing sequence were monitored on
Easterline - Angus 20-pin recorders.

The test cell pressure recorder was wired into a cutoff circuit,
and a test was automatically terminated if this pressure exceeded
40 mm Hg (67, 000 feet simulated altitude). Redline values were also
assigned to thrust, chamber pressure, and isolation valve inlet
temperature (see Appendix A). Observers in the data recording
center were instructed to terminate a test if the redline values were
exceeded.

RESULTS OF HOT FIRING TESTS

Sixty-five hot firing tests were successfully conducted between
March 24 and August 17, 1965. These tests were conducted on four
Gemini OAMS engines in accordance with the plan specified in the
previous section of this report. The following are general observa-
tions concerning these tests.

Engine Valve Signatures

The opening and closing times of the main engine valves remained
constant for all tests. The opening time for each valve (oxidizer and
fuel) was 17 + 2 milliseconds; the closing time was 15 + 2 milli-
seconds. Ty{)_ical main valve signatures (voltage and current traces)
for TCA 1 and 4 are shown in FIG 7 and 8, respectively.

TCA 1

TCA 1 (Rocketdyne S/N 4070490) was successfully tested
through one duty cycle with ambient temperature hardware and
propellants (approximately 50°F). Post-test inspection revealed a
cracked and '"buckled'" segment in the combustion chamber liner near
the injector face (FIG 9) and a hairline crack in the liner leading
from the cracked segment to the front edge of the throat insert. These
cracks were verified by X-ray analysis. No other deformities were
noted. The throat diameter remained unchanged.

19
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FIG 9 VIEW THROUGH THROAT OF TCA 1 SHOWING
CRACKED SEGMENT OF CHAMBER LINER RESULTING FROM
ONE DUTY CYCLE HOT FIRING




TCA 2

TCA 2 (Rocketdyne S/N 4071853) was successfully tested
through four duty cycles with hot propellants (120°F). Prior to each
duty cycle the engine was ''pre-soaked'' to a temperature of 150°F.
This temperature was determined by monitoring temperatures
measured by thermocouples on the engine outer skin and on the inside
surface of the engine throat. The infrared lights used to heat the
engine were cycled on and off until both sets of thermocouples read
approximately 150°F.

Visual inspections of the engine after each duty cycle revealed
no cracks or other deformities. There was no measurable increase
in the throat diameter.

TCA 3

Twenty-nine successful five-second tests were conducted on
TCA 3 (Rocketdyne S/N 4069234) at off design values of propellant
and engine temperature and valve inlet pressure. Propellant
temperature was varied from +20°F to +120°F, engine temperature
from -40°F to +150°F, and valve inlet pressure from 175 psia to
375 psia. The tests were conducted at combinations of the above
conditions as described in Table IV. The engine temperafﬁre was
set using the inside throat thermocouple and the engine outer skin
thermocouples.

A visual inspection of the engine was made after the series of
tests using hot propellants/hot engine and hot propellants/ambient
engine. No damage to the chamber liner or throat insert was noted.
Similarly no damage was noted after the series of tests utilizing
ambient propellants/hot engine and ambient propellants/ambient
engine. However, post-test visual inspection after the series of tests
using cold propellants/ambient engine, ambient propellants/cold
engine, and cold propellants/cold engine - and the hot fire burst
pressure test (valve inlet pressure = 375 psia) - revealed multiple
" cracks in the chamber liner and two hairline cracks in the throat
insert. These cracks were substantiated by X-ray photographs.
There was no measurable increase in the throat diameter.
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TCA 4

TCA 4 (Rocketdyne S/N 4071863) was successfully tested through
four duty cycles at ambient temperature conditions (propellant and
engine). Prior to hot firing, the engine was vibrated in an S-IVB
simulated test fixture at P& VE Laboratory.

The first duty cycle attempted on the engine was terminated
after 209 seconds firing time due to excessive pressure oscillations
in the fuel feed system. An investigation revealed that the propellant
tank pressurizing GN, was flowing back through a check valve into the
purge system and in turn into the fuel feed line downstream of the
facility prevalve. This problem was corrected and four successful
duty cycles were then completed.

Visual inspection and X-rays of the engine after the first duty
cycle revealed no cracks. Visual inspection of the engine after the
second duty cycle revealed an apparent crack about 1/2-inch long
in the chamber liner. This crack was located at the 10 o'clock
position on the opposite side of the chamber from the fuel valve.
Further inspection of the engine after completion of the third and
fourth duty cycles revealed that this was not a crack but rather
an eroded ring in the surface of the liner. The erosion encompassed
360° of the liner after completion of the fourth duty cycle. X-rays
further substantiated that there were no cracks completely through
the liner. The throat diameter was .7111 in. before and after the
fourth duty cycle.

That higher performance was obtained on this engine than on the
other three engines tested is evidenced by the data contained in
Appendix C. This increase in performance was coupled with a lower
O/F ratio because of increased fuel flowrate due to a larger diameter
fuel trim orifice.

A summary of the test data obtained on all four engines is con-
tained in Appendix C. This data includes both site data as read and
data adjusted to standard conditions. Standard operating conditions
for these engines include fuel and oxidizer inlet pressures = 195 psia,
fuel density = 54.66 1b/ft®, oxidizer density = 89.85 1b/ft’, and
environmental pressure = 0 psia. Calculated thrust, and consequently,
calculated Igp data were used on the tests conducted on TCA 2 because
invalid thrust data was obtained due to malfunction of the load cell.
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Appendix C also presents typical data (from one test of each condition)
on TCA 3. All engines operated within the rate performance speci-
fications (72 + 3 pounds thrust, 100 + 5 psia chamber pressure).
Repres entative oscillograph traces illustrating combustion chamber
pressure, thrust, main valve inlet pressures, and main valve voltages
and currents for TCA 1 and 4 are presented in FIG 7 and 8,
respectively. The traces shown in FIG 7 are also typical for TCA 2
and 3. The thrust traces in FIG 7 and 8 differ because different
thrust measuring systems were used.

During all tests the engine outer skin temperatures remained
below the 650°F limit with the exception of the nozzle exit temperature
(#7) on TCA 1 which reached 681°F 84 seconds after the completion of
the 400-second test. This temperature increase was caused by
radiation from the uncooled diffuser inlet and consequently was not a
valid skin temperature indication. A time-temperature history of
the outer skin (throat) temperature for the complete duty cycle on
TCA 1 is presented in FIG 10. Similar curves for the four duty
cycles conducted on TCA 2 and 4 are presented in FIG 11 and 12,
respectively. These figures show that there was very little difference
in the temperature profile for each successive duty cycle. Curves
depicting the rate of increase of the engine outer skin temperatures
for the 400-second duration tests conducted on TCA 1 and 2 are
presented in FIG 13 and 14, respectively.

An examination of the test data obtained on TCA 2 (120°F
propellants) indicated that there was some propellant GN, dilution at
the end of the third firing and throughout the fourth firing of each of
the four duty cycles. This was evidenced by slightly lower engine
performance than on the earlier firings. The dilution of GN, in the
propellants was apparently a result of the hot propellants remaining
under full run tank pressure for a long period of time (in excess of
four hours).

Vibration Measurement

Weld failures around the exit mounting flange and the trunnion
mount during vibration testing of.an engine that had previously been
fired prompted the measurement of engine vibrations on the second
and fourth Qual engines. Vibrations in the longitudinal, vertical, and
transverse planes were measured using accelerometers during the

25
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fourth duty cycle conducted on TCA 2. These measurements were
taken at the nozzle exit cone next to the mounting flange. The
maximum g-load experienced was 7.2 g rms at a frequency of 4700
cps in the longitudinal plane. This frequency corresponded closely
to the frequency of combustion chamber pressure oscillations
observed in tests conducted on a Gemini prototype engine in which the
Pc transducer was close coupled. This type of information was not
obtained during all Qual tests. The Pc transducer was located
approximately three feet from the engine because of the heat problem
and resulting transducer zero shift observed in the prototype engine
firings.

Vibration measurements in the longitudinal, vertical (radial), and
transverse (tangential) planes at the exit flange and trunnion mount
were measured in each of the four duty cycles conducted on TCA 4.
The maximum g-load (15.2 g rms, 4150 cps) occurred in the
longitudinal plane at the trunnion mount. The magnitude of the
vibration at the exit mounting flange was comparable to the vibration
on TCA 2. Oscillograph traces of the vibrations measured on TCA 2
and a corresponding spectrum analysis are contained in FIG 15 and
16. Oscillograph traces of vibrations at the exit mounting flange and
trunnion mount for TCA 4 are presented in FIG 17 and 18. Spectrum
analyses for the vibrations measured on TCA 4 at the exit mounting
flange and trunnion mount are presented in FIG 19 and 20. The
magnitude of vibration, as depicted by the oscillograph traces, is the
result of the addition of several vibration loads of different frequencies.
The true g-load at each frequency was determined through a spectrum
analysis using a frequency band width of 100 cps.

CONCLUSIONS FROM FIRING TESTS

The following conclusions are based upon test data and
observations:

The 100 pound thrust Gemini OAMS engine adequately meets
the hot firing requirements of the S-IVB mission duty cycle.

The Gemini OAMS engine has extended operational capability

as evidenced by the four duty cycles conducted on two engines
(approximately 2600 seconds total firing time).
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The Chamber liners that cracked on two engines did not affect
their operational capabilities. It should be noted that on TCA 2,
which was tested through four duty cycles with 120°F propellants, the
liner did not crack. Also, the liner did not crack on TCA 4, which
was tested through four duty cycles with a propellant temperature of
approximately 90°F. The chamber liners cracked on TCA 1 (50°F
propellants) and TCA 3 (20°F propellants).
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VIBRATION/SHOCK QUALIFICATION

Vibration Test Equipment

Vibration and shock gualification of the Gemini SE-7 engine was
performed on a Ling-200 shaker table. The engine and test fixture
were instrumented by Endevco Model 2213M5, 2229, and 2242C
accelerometers. Data was recorded on an oscillographic chart and
a magnetic tape.

Vibration Requirements

Input vibration levels for the test series were based on the
S-IVB stage major structural vibration levels as specified in
Reference 3. Each of three orthogonal planes was excited to the
following specifications:

I. Vibration Test Series
A, Sine sweep vibration

5-47 cps @ 0.031 in. D. A. displ.
47-220 cps @ 3.6 g's peak

220-295 cps @ 0.0014 in. D. A. displ.
295-2000 cps @ 6.2 g's peak

B. Random vibration (applied as one input for 12 minute
duration)

20-85 @ 0.025 g%/ cps

85-280 cps @ 6.5 db/octave
280-1000 @ 0.31 g?/cps
1000-2000 cps @ -12.0 db/octave

II. Shock Test Series - half sine wave input of 10 + 2 milliseconds
duration and 20 G's peak amplitude.

These vibration levels represented stage inputs to the attach
points for the APS module and not the levels which would occur at
the engine mounts. In view of this, it was necessary to vibrate the
engine in a fixture that would simulate the module's reaction to stage
induced vibration.
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Vibration Test Fixture

The test fixture, designed and fabricated by Douglas Aircraft
Company (DAC), was mock-up of the APS module's engine compart-
ment rigidly attached to a mounting fixture at its foward end and at
two simulated stage attach points on the compartment side. The
engine compartment section of the module extends approximately 27
inches forward from the module aft bulkhead and contains two of the
four stage-to-module attach points. The engine was mounted in the
compartment along with the associated feed line plumbing, mounting
bracketry, and mass models simulating the attitude control engines.

The mounting fixture was constructed of a framework of large
diameter pipe and allowed the module to be bolted to the shaker head
by means of three mutually perpendicular flanges, one for each of the
prescribed planes of analysis. Vibration and shock inputs were con-
trolled at the simulated vehicle attach points between the engine
compartment and mounting fixture rather than at the shaker head
(see FIG 21). Control from this position gave a more accurate simula-
tion of actural vibration transfer from the vehicle to the module, but
sometimes resulted in overload of the shaker equipment.

The method of installing the engine into the module was designed
by DAC around the basic engine characteristics used in the Gemini.
This was necessary because of the ground rule stipulation that no
modifications to the SE-7 engine would be allowed since such
modifications might divert the engine contractor's efforts from his
primary objective - the Gemini program.

Engine support and thrust transmittal were accomplished at the
two trunnion mount bosses located on either side of the engine in the
injector plane. Additional engine stabilization came from the 0.020
thick stainless steel flange, butt welded to the chamber outer shell
at the nozzle exit (see FIG 22). This flange was slightly contoured
(48-inch radius) for the Gemini application to blend in with the capsule
fairing and was designed strictly as a positioning device, not as an
axial load carrying member. In the APS installation, the engine
nozzle flange was bolted to a flexible diaphram ring, composed of
laminated, 0.012 inch thick, stainless steel rings whichwas in turn
bolted to the module aft bulkhead (FIG 22, Configuration 1 and FIG 24).
The diaphram ring was designed to allow limited axial movement or
thermal growth of the engine before exerting a restraining force, and
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the lateral motion was entirely restricted. For the diaphram to
function as intended, extremely tedious installation procedures were
necessary. These procedures were complicated by the slight radius
of the nozzle flange and the rather loose tolerances of pertinent
engine and module dimensions.

Preliminary Vibration

A preliminary vibration test series was conducted in the tangential
plane to check-out test fixture reaction to the specified excitation. A
mass-model of the Gemini engine was installed for the preliminary test
to preclude damaging the actual qualification engine (TCA 4) as a result
of a failure of a test fixture or malfunction of the shaker table. Tests
1 and 2 with the mass simulated engine indicated that the shaker and
test fixture were suitable for vibration testing of an actual engine.

As an additional precaution, engine TCA 3, which had already
completed its hot firing demonstration for qualification, was placed
in the test fixture and subjected to the vibration series in all three
planes (Tests 3 thru 8). Test data for this and all succeeding tests
can be found in Appendix D,

The test series was conducted with a limited visual inspection of
the hardware between phases and planes of vibration. Thorough
inspection was hindered by the view-obstructing hardware surrounding
the engine. After vibration the engine was removed, revealing that it
had been installed incorrectly by unintentinally omitting the engine
compartment seal ring that was a part of the nozzle flange assembly
kit (FIG 22, Configuration 1). In addition, several weld failures were
discovered. The weldment joining the nozzle support flange and the
nozzle outer shell had separated along approximately 120° of its
circumference at the short side of the scarfed exit plane. Both
trunnion mounts had failed at or near the weld joint to the chamber.
These failures extended up to and along the burn-down weld joint
between the injector body and chamber shell in the vicinity of the
trunnion mounts (FIG 23). It was impossible to ascertain the plane of
vibration or exact time that the various failures occured, due to the
limited inspection during the tests. Data summarizing these tests is
shown in Table V and FIG 28 in Appendix D.

As a result of these failures, TCA 1, which had also completed its
designated hot firing portion of Qual program, was installed in the
module for preliminary vibration testing to further investigate the failure
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ENGINE TO MODULE
FLEXABLE STEEL
DIAPHRAM

FIG 24 TCA 1 WITH REINFORCED FLANGE
FOR VIBRATION IN THE RADIAL AXIS
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modes without subjecting the actual vibration qualification chamber to
possible damage. In view of the results of the previous test, care was
taken to correctly install the engine. Sine sweep vibration in the
longitudinal plane was completed without mishap (Test 9). Random
vibration in this plane (Test 10) caused the aft flange to fail in the
same manner and area as had occurred on the previous engine. The
-engine was removed, and triangular reinforcing gussets were welded
between the chamber shell and flange to repair the existing break as
well as insure further flange failures were eliminated (FIG 24).

The modified chamber was subjected to the sine sweep series in
the radial axis (Test 11) without visible failure. The random series
(Test 12) was begun in the same plane and interrupted after 6 minutes
of the specified 12 minute test at which time a faint indication of a
failure was observed near one trunnion mount. At the conclusion of
the full 12 minutes of test a definite failure existed in the suspected
area. The burn-down weld between the injector body and chamber
shell was again separated immediately behind the trunnion mounts,
but only one trunnion had sustained a fracture along its side. This
occurrence was identical to that of the previous case; the failure
apparently propagated from the separation of the burn-down weld in
the trunnion area, extending along the sides of the trunnion mounts.
From this test (with the nozzle flange known to be intact), it was
concluded that the flange and trunnion failures were independent. Data
summarizing tests on TCA 1 are given in Table V, and Figures 29,
30, and 31, Appendix D,

Results of Preliminary Vibration Tests

As a result of data and design reviews by all parties concerned,
that is NASA, Rocketdyne, and Douglas - the following observations
and recommendations were made after preliminary vibration testing:

I. Since the failures thus far had occurred on engines that

had already seen hot firing service, some doubt was cast on
whether the failures were entirely due to vibration. The

flange, which has a slight curvature for use in the Gemini
application, was bolted to a flat surface during hot firing. This
could have placed undue loading on the weld joint, but the position
of the failures and the slight degree of flange curvature (48 in.
radius) indicated otherwise. Another adverse feature of the
mounting method during hot firing was the rigid connection
between the nozzle support and trunnion mounts; no compensation
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could be made for any thermal growth of the engine during
operation. The flange was retained only along a 120° portion
during hot firing, and this portion coincided with the area of
vibration failure.

II. Installation of the nozzle flange in the module aft bulkhead
would require more exacting procedures so that the DAC
specifications could be met. The diaphram subassembly of the
nozzle flange mounting kit (FIG 24) would be fabricated from a
thinner material (0,008) to increase flexibility.

III. The flange failures were caused by the combination of two
separate modes of vibration. One was the breathing, or 'oil
canning, ' mode of the engine compartment aft bulkhead while
the engine was rigidly retained by the trunnion mounts. The
other was a very significant lateral (cross-axis) response that
was induced by the module structure while it was excited in the
longitudinal direction. The combination of loads from these two
modes presumably cracked the weld joint in the random test.

IV. The trunnion failures were concluded to be the result of over-
loads sustained during the severe random vibration in the radial
plane coupled with inherent design weaknesses.

V. All modifications would be confined to strengthening the
engine assembly. This decision was the result of the relative
complexity involved in approaching the problem through module
modification. The only exception to this was the addition of a
stiffening member to the aft bulkhead to reduce the amplitude of
the breathing mode.

VI. TCA 3 would be repaired and subjected to one more test
series of non-qualification vibration in the longitudinal plane
(Tests 13 and 14) to obtain oscillation phase relationships between
structural components of the engine compartment and the flange
and trunnion mounts on the engine. This data aided in the stress
design of the flange reinforcement and is presented in Appendix D,
Table IV.

VII. TCA 2 (the only remaining engine that had not been vibrated,

other than the official vibration qualification engine - TCA 4)
would be returned to Rocketdyne for reinforcement modification
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after completing its specified hot firing qualification. Subsequent
vibration of this engine would serve to prove the modifications for
incorporation on the actual vibration Qual engine.

Preliminary Tests of the Rocketdyne Modified Engine

The Rocketdyne design for strengthening the trunnion areas
consisted of a two-piece, "T' cross-section ring, completely around
the circumference of the chamber at the trunnion mount plane. This
member was welded to the chamber at the base of the ""T" and to the
two trunnions themselves, tieing them together (FIG 22 and 25). The
nozzle flange was stiffened by the addition of a C-channel back-up
ring welded to the upper (injector) side (FIG 22, Configuration 3).
This ring was contoured to fit the slight curvature of the flange
surface.

These reinforcements were placed on TCA 2 before it was
subjected to the specified vibration series in all three planes (Tests 15
through 20). The engine was removed from the test fixture between
planes of vibration for visual and dye-penetrant inspection. It was
difficult to inspect the weld between the nozzle flange and chamber
shell because the reinforcing C-ring obstructed the view.

In attempting to conduct the random vibration test in the final
plane (tangential), the circuit breakers overloaded and initiated cutoff
of the shaker table. Examination of the shaker equipment and test
fixture indicated that the power amplifiers were being overloaded in
the attempt to reach the vibration input levels specified. This was
caused by considerable attenuation of the input levels by the mounting
fixture between the shaker head and control accelerometer.

During three abortive attempts, the engine was subjected to
displacements in excess of one inch at frequencies in the 70-80 cps
range. This greatly exceeded the displacements observed in previous
tests along the same axis and can be directly attributed to the failure
of the amplification equipment to control the input levels properly.
After the three unsuccessful attempts of the random test (sinusoidal
had been completed without difficulty) the vibration input levels were
adjusted manually so that the table would operate at a level just below
the automatic cutoff limit.
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FIG 25 TRUNNION MOUNT AND NOZZLE FLANGE
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After completion of the vibration series, the engine was removed
and the C-ring flange reinforcement was detached by manually grinding
away the fillet welds. This action was necessary so that the flange
weldment to the nozzle shell could be thoroughly inspected. Removal
of the ring was difficult, and some strain was applied to the flange
weldment. The inspection disclosed a 1.5 inch failure along the
weld located approximately 60° from the short side of the scarfed exit.
Since this did not closely resemble previous failures, either in
location or severeness, it was assumed to be a result of the flange
overloads suffered during the abortive radial random series and/or
removal of the C-ring. Close examination of the failure substantiated
this assumption by indicating that the break appeared to be an over-
stress rather than a vibration induced fatigue fracture (See Ref. 4).
Vibration test data on TCA 2 is shown in Table VIII, Appendix D.

Even though all indications pointed away from a vibration
associated failure, an element of doubt was cast on the Rocketdyne
flange reinforcement fix by the failure itself. The decision was made
to modify the final vibration qualification engine (T CA 4) with the
Rocketdyne reinforcements while an alternate method of solving the
flange failure would be pursued by MSFC.

Nozzle Mounting Modifications and The MSFC Modified Engine

In addition to the failures that had occurred thus far, the
difficulty of installing the nozzle support flange in the module aft
bulkhead had become increasingly more evident. This problem was
neither complicated nor alleviated by the Rocketdyne reinforcement
features attached to the basic engine. By now it was realized that
proper nozzle flange installation to the requirements set forth in the
DAC installation drawings could only be realized when the flange and
bulkhead planes were parallel. This condition could be obtained by
extreme control of tolerances of the pertinent dimensions on both
engine and module, by flexible mounting methods (that is slotted holes,
sliding plate nuts, etc) or a combination of both. In modifying the
final Qual engine, an additional fixture was incorporated by Rocket-
dyne in an effort to reduce the installation problem. A shim was
attached to the opposite side of the nozzle flange from the reinforcing
C-ring. This shim was contoured to fit the curvature on the flange
side but offered a flat surface for attachment to the module bulkhead
on the other side, thereby removing the flange contour variable.
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Because of the importance of the engine installation procedure,
any alternate flange reinforcement proposed by MSFC would
incorporate features to relieve the problem. With this in mind, an
O-ring support collar was considered as being the most efficient
design. This technique was already in use at the nozzle supports for
the attitude control engines of the APS module. The design involved
removing the flange completely from the nozzle shell and fabricating
a ring-like collar that would fit the contour of the stainless steel
nozzle shell at the exit area. This collar slipped over the injector
end of the chamber, and as a result of the tapering nozzle, an O- ring
was compressed within a groove machined in the collar's contour-
fitting surface. An integral flange was machined on the collar for
supporting the unit in the module aft bulkhead (see FIG 22, Configura-
tion 2 and FIG 26). This design provided uniform lateral support and
allowed axial freedom for vibration induced motion or thermal
expansion. In addition, the collar was free to swivel slightly during
installation to eliminate the problem of non-parallel nozzle exit and
aft bulkhead planes.

Official Qualification Tests

During the time that the final qualification engine was being
modified by Rocketdyne, the O-ring nozzle support described above
was designed, fabricated and tested on TCA 2, the engine with the
Rocketdyne reinforcements that had just completed the test series.
Since the flange C-ring had already been removed to benefit inspection,
it was an easy task to manually remove the remaining flange material.,
The Rocketdyne trunnion reinforcement was not disturbed because it
appeared to be acceptable. With TCA 2 modified as described, all
three planes of the vibration test series were conducted without
incident (Tests 22 through 27) and post test examination did not reveal
any test hardware or engine irregularities.

As a result of the shaker equipment overloads experienced during
the previous tangential plane test series, the control accelerometer
was relocated from the simulated module/vehicle attach point to the
shaker head during this plane of testing. This location for controlling
the vibration input kept the loads transmitted to the engine far below
those seen in previous tangential testing. In view of this, the plane
was later repeated with the control accelerometer mounted at the
module/vehicle attach point with manual control of the shaker input
levels. This manner of control and the resulting vibration inputs
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FIG 26 O-RING NOZZLE SUPPORT ASSEMBLY
WITH MODIFIED ENGINE FOR SAME




duplicated those seen during previous tangential testing.

It is significant to note that the trunnion reinforcement on this
engine had accumulated twice the specified vibration test time with-
out failure. Vibration data from these tests is presented in Table IX,
Appendix D.

On July 28, 1965, TCA 4, complete with Rocketdyne modifications,
was installed in the test fixture for initiation of the official vibration
Qual test series. The contoured shim, which had been attached to the
nozzle flange to facilitate installation in the module, did not appreciably
affect the mounting procedure. The only failures recorded during this
vibration series (Tests 28 through 33) were a sheared trunnion bolt
and several sheared rivets in the module structure. These could be
definitely attributed to fatigue effects of the large number of tests
that had been conducted on the fixture. Post test examination indicated
that the engine had achieved qualification. Vibration data from tests on
TCA 4 are presented in Table X, FIG 35 and 36, Appendix D. The
engine was then subjected to the comparatively mild shock series with-
out incident. These tests officially concluded the vibration/shock
phase of the qualification program.

RESULTS OF VIBRATION/SHOCK TESTS

It should be stated that the greatest limitation of the vibration/
shock test program was the degree of authenticity of the test set-up
in simulating actual flight hardware. The vibration levels and test
fixture hardware utilized during this program are considered to be
as realistic as possible in view of the funding, schedule and premature
module design limitations existing at the time.

To recapitulate on the highlights of the vibration qualification,
the following observations and data are presented:

I. Predictions of likely failure areas on the engine had
emphasized the propellant valve assemblies which were mounted
on the back surface of the injector body. These units were welded
to mounting brackets which were in turn welded to the injector
body (FIG 1). The cantilevered effect of the valves supended on
their mounting brackets would appear to be highly susceptible to
vibration failures. The weld joints of the valve supports were
expected to be the most critical area, and the valves themselves
were instrumented with accelerometers during the pre-qualifica-

tion tests. Data from these tests indicated an insignificant
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amplification factor of g levels between the valves and trunnion
mounts (see Table VII, Appendix D). Pressure to the valve inlets
was maintained during the tests and there was never any
indication of vibration induced valve leakage. Inlet fittings to the
valves did break off on two of the pre-qualification engines, but
these were temporary fittings of a two-piece, welded construction
and were later replaced with a one-piece type of the official
qualification engine and qualified successfully.

II. All failures during the pre-qualification vibration tests
occurred on engines that had been previously hot fired. This
fact, coupled with the method of mounting the engine for hot test,
prompted serious scrutiny as to the cause of the failures.
Admittedly, the mounting technique could have been, and later
was, improved. But, even if the hot test history had contributed
to the engine failures, the strength of the failed areas was
marginal at best and required modification.

III. The engine-to-module installation procedure, as specified
for the basic SE-7 engine before modification, was highly involved
due to the tolerances of critical engine/module dimensions. In
view of the engine failures, it was considered imperative that
mounting fixtures and methods be capable of compensation for any
dimensional intolerances assuring a stress-free installation and
of sustaining the extreme loads of the vibration specification.

IV. The trunnion mount reinforcement modification is considered
to be entirely successful, as was demonstrated by the three
complete series of vibration tests that it sustained. Two of the
three were accumulated on one engine, doubling the total time
required for acceptable qualification.

V. Vibration levels on the engine during the official qualification
(Tests 21 - 33) test series were comparable with those occurring
during pre-qualification (Tests 1 - 20). Illustrations comparing
the sinusoidal sweep data (odd numbered tests) for the entire
program are presented in Tables XI, XII, and XIII along with the
associated figures of Appendix D. Analysis of all random test
data (even numbered tests) proved the results to be comparable
with the sinusoidal sweep tests in both major resonant frequencies
and amplitudes. Representative power spectral density curves
computed from the recorded random data are presented along
with all pertinent vibration data in Appendix D.
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VI. Examination of data produced during the various tests
indicated that the two methods of supporting the engine nozzle at

- the module aft bulkhead were comparably qualified with no
significant differences in engine reaction to either mounting
method. The C-ring reinforcement of the nozzle support flange
is the officially qualified method of retaining the engine nozzle.

s Although this method achieved questionable results during one
pre-qualification vibration test, it was successfully applied in the
official qualification test. The O-ring nozzle is qualified by
virtue of its endurance to the specified vibrational loading with-
out serious effects.

CONCLUSIONS FROM VIBRATION/SHOCK TESTS

With the completion of the vibration and shock tests, two methods
of supporting the engine nozzle in the module bulkhead had been
qualified. In view of the installation problem, which was relieved
considerably by the O-ring nozzle support technique, the recommended
engine configuration is the basic SE-7 thrust chamber with the fixed
flange removed from the nozzle shell and modified to include an O-ring
nozzle support and trunnion mount reinforcements as qualified.
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APPENDIX A

STATIC TEST MEASURING PROGRAM
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APPENDIX B

TYPICAL TEST PROCEDURE
1. Install engine and complete leak check and visual inspection.
2. Start mechanical vacuum pump and evacuate test cell.

3. Begin temperature conditioning engine and/or propellants
when required.

4. Perform pretest propellant bleeds to expel gas from system
and to check flowmeter operation.

5. Pressurize propellant tanks to desired values.

6. Start steam ejector and achieve first stage suction pressure
of 3 mm Hg.

7. Open altitude chamber isolation valve and achieve altitude
chamber pressure of 3 mm Hg.

8. Perform final propellant bleeds (under tank run pressures)
to obtain desired propellant inlet temperatures.

9. Hot fire engine,
NOTE:

On firing command, the exhaust cooling (water) valve, which
controlled the water used to cool the exhaust gases passing through
the isolation valve, started open. The 'open'" signal from this valve
triggered the main engine valves open, thus starting the engine firing.
A pre-cutoff command, which closed the exhaust gas cooling valve
and opened the water purge valve, was given five seconds then 'picked
up'" and closed the main engine valves in five seconds. This firing
sequence resulted in the cooling water flowing into the diffuser duct
approximately one second after engine ignition and ceasing to flow
approximately one second prior to engine cutoff. Thus the engine
exhaust vaporized the water spray and eliminated the possibility of
any water getting into the engine.
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10.

11.

12.

CLOSE isolation valve, turn off steam ejector, and hold at
altitude with mechanical vacuum pump.

Prepare for next hot firing.

Upon completion of each duty cycle, remove engine diffuser
and inspect engine.




APPENDIX C

GEMINI SE-7 ENGINE HOT FIRING DATA
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APPENDIX D

SELECTED VIBRATION QUALIFICATION DATA

The selected data contained in this appendix is considered to be
representative of the vibration qualification results and illustrates
some of the observations presented in the preceeding text.

As described, the vibration qualification consisted of a series of
preliminary tests on previously hot-fired engines (Runs 1 - 26)
followed by the official tests (Runs 27 - 32) on TCA 4. All sine sweep
testing was conducted during odd numbered runs while even numbered
runs comprise the random testing series. The data from the attempted
qualification of the basic, unmodified engine (Runs 1 - 14) is found in
Table V, associated FIG 27, and FIG 28 through 31. Phase relation-
ships and amplification factors between various components of the
engine and module for these tests are found in Tables VI and VII. This
data was representative of that during the later pre-qualification and
official qualification testing. Table VIII and referenced FIG 32
present data from the preliminary qualification of the nozzle flange
and trunnion mount reinforcement fixtures incorporated in the basic
engine. The official qualification of the O-ring nozzle support was
conducted during Runs 21 - 26 and data is found in Table IX, FIG 33.
Data for the official qualification of the nozzle flange reinforcement
collar is reviewed in Table X, FIG 34 through 36. Tables XI through
XIII present a comparison and correlation of all sine sweep test data
for the entire program.
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FIG 27 ACCELEROMETER LOCATIONS FOR
VIBRATION TESTS 1 THROUGH 14




Test No.
(Axis of Vibr.)

3
(Tangential)

5
{Radial}
1

7
(Longitudinal)

9
(Longitudinal)

i1
(Radial)

13A
(Longitudinal)

13B
(Longitudinal)

Resonant
Freq.

80
170
290
345
750
975

1350
1500
1825

140
300
900

140
170
270
570
760
1075

50
140
185
275
525
780

1060

135
275
320
535
585
640
890
970

160
270
525
770
1080
1850

150
260
550
790
1070
1950

CNOWYN® O

10

IR

11
10

10

12
18
20
28
16

TABLE V

PRE-QUALIFICATION
SINUSOIDAL SWEEP RESONANT FREQUENCIES AND PEAK AMPLITUDES

Peak Amplitudes (G's) for Designated Accelerometers

{Refer to FIG 27 for Location and Orientation)

2T
40
33
12
11
16
17
21
18
22

2R

15
15
20

I3R

21
18
50
40
32
60
19

3T

42
18
11
12
20
65
25
11
22

3R

4R

10
iz
29
16
22
14
18
28

9

19
30
55
13
14
20

16
30
62
13
29
32

22
43
85

25 20 10
70 57 53
145 50 31
7L 8L 20L
19 28 45
27 32 83
26 45 82
15 34 58
46 98 48
88 132 90
9 8L 20R
27 3z 5
18 19 11
23 40 35
32 51 39
32 40 22
96 100 48

5T
50
28
18
22
70

100
80
60
60

12R

26
52
17

12L

19
30
37
17
29
27

12L

9
18
23
23
i8
15
20

12R

20
27
55

b
29
5

12R
17
49
12
12
17
24

o
)

I

R N =]

14
20
3o
18
17
30

o1

15
131
28

17
55
56

17R
17
38
40
49

104

116

17R

23
32
95
67
100

7T

18
19
18
20
30
45

7L

16
16
26
23
17
32

7R

23
14
30

11
60
37

18L

1

20
40
52
48
58
04

22T

6
10
49
48
60
36

8T

35
20
23
24
12
60
25
50
43

8R

21
22
20
19
19
27

8L

20
20
35
30
15
42

8R

25
18

40
Negligible ————————————+
Negligible ————————————»

10
50
25

19T

2

10
27
44
26
72
78

19T

1

21
43
56
68
80

9T

11
10

8
12
12
35
50
17
30

14R
8

6
17

16
60
45

4T

Neg.

10T

7
12
17
18

9
28
16

9

7

11R

15
45

10L

151

39
43
70
54
80
109

75

21L
17

52
10

14

TCA 3- Basic Unmodified SE-7 Engine

TCA 3 - Same as above

TCA 3 - Same as above

TCA 1 - Basic Unmodified SE-7 Engine

TCA | with Gusset Reinforced Nozzle
Flange after Failure of Previous Random
Series

TCA 3 with earlier weld failures repaired
This series was conducted to determine
phase relationships of 20 and 18, 12 and 17,
and 4 and 19.

Same as above for 12, 19 and 22, 17 and 20

95



1 -
< ~ $ .
0S¥ 0L S¥6T *
(0 o0 0.01
0T .06 €18 (reurpmytduor)
¥L1 uo oruowaey spryrdwe Y31y (¥) (%) - 09s q¢1
LT spedT 02 22 SpeeT 61
oS¥ - - 0581 4
161 uo oswuowazey apnyridwe Y3y (€) (<) °S2 (2) 0801
Tejue wepuny ueyj 1231 YL [ U0 dtucwrey (z) .081 o0 (100081 02Z$ (reutpnyr3uort)
ysey eyep jo s30T (1) 009 o0 o0 0L2 vel
¥ spedT 61 81 speeT 02 LT speeT 21 ‘box g (*1q1A JO SIXV)
S)I'WIY juruosSay *ON 31S@ L

(uonyBlULIIQ PUE UOIEDOT X103 L7 DI 03 19397Y)
€1 ISTLI NOILVYLIA NOILVOIJITVND-Tdd DNIENAd SAIDNANOIII LNVNOSHY
YA LINOYATADOV AALOATAS JO SATHSNOILVTEY HSVHA

96

IA FTdV.L

-




TABLE VII

AMPLIFICATION OF SINE SWEEP G-LEVELS FOR VARIOUS ENGINE/MODULE POSITIONS

Ratio of Peak G Levels for Designated™ Accelerometers

6/7

Resonant
Frequency

Test No,
(Axis of Vibr,)

5/7 5/8 4/7 4/8 12/7 12/8 13/7 13/8

6/8

8/1

7/1

NM

NM

5.8 0.3 0.3 1.6 NM NM
1.4

5.3

80

1.4
0.8
0.9

0.5

0,3 0.8

0.2 2,2

. o1

. .5
4.3 . 1.2

2,5
3.3
6.0
5.6

3.2
4,4
5.0

2.5
3.1
2
1
4

170
290
345
750
975
1350
1500
1825

(Tangential)

]

1.3
0

3.1

140 .
300 2.2

900

5
(Radial)

0.5 0.6 0.8

0.4

2——» 2-———.
4 Z
- S
4 Z
o O~ O 00N IM~>OOIn
« o o * & o o o =
—_ O ~ O~ 0O 0O
— O™ D O ¢ O~ OO
« o o e e o o o o
N O O -~ O O OO0
S 2 .
Z z
g—e 2 -
A4
2—» 2———>
4 Z
2 M~ O OO — b~
— e s e e o .
z O 4O O~ O
2 NN C O
— e e ® e s
Z O O -~ O
o 0N O O O~
s o » e o s e o o
N~ N AN NN ~A™
O O~ 0N Moo
¢ o o e o o o o o
NN —A NN AN AN
o n O O nwnmn OO
o~ 0~ 0~ 00~
A O N NN ~O

— —
—_ —

' s

S S

o -

< T
-2+ oog—»
i phar}

g [eh)

=1 a

le] o]

- =

~ -~

0.9 0.8 0.9 0.8

0.9

1.0

2.8

2.6

135
320
640
890

11

{(Radial)

1.4 0.8 0.6

0.6

1.8
0.5

3.0

2,5

1.1 0.5 0.6

0.9

5.0

6.0

See Fig. 27 for accelerometer notations

NM - Not monitored
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7 ON MODULE FLANGE
ADJACENT TO#®(9
P~
= . 4 #24
,"‘*,'f}\-' l/
Y A )/
/
L/
L/
b\M#l *25 ON OPPOSITE Z"*l
{ TRUNNION SUPPORT
=
NOZZLE FLANGE REINFORCEMENT C-RING
™~ TRUNNION MOUNT REINFORCEMENT T=RING —
*26
i
1
"
l\
#19 &
h
1
1
"
337 ”4
g ON OPPOSITE
TRUNNION
7 SEC A-A #12 21

AXIS CONVENTION
= @O TANGENTIAL

\_ LONGITUDINAL ()
#20

(1) RADIAL

ACCELEROMETER ORIENTATION WILL BE (R)
DENOTED BY THE PROPER LETTER

AFTER THE LOCATION NUMBER ON THE
FOLLOWING DATA SHEETS

FIG 32 ACCELEROMETER LOCATIONS FOR
VIBRATION TESTS 15 THROUGH 20
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FORM FITTING O-RING RETAINING COLLAR

SILICON RUBBER O-RING

TRUNNION MOUNT REINFORCEMENT T-Rlb&,

_—
/ ¥ 26
¥19
1
cﬁ/‘ ! A
1"
1
Q
1]
[
X
Iy
B
7
kg ON OPPOSITE
TRUNNION
#21
18
#20 AXIS CONVENTION

LONGITUDINAL

(L)

ot

@ TANGENTIAL
\T)
RADIAL
(R)

ACCELEROMETER ORIENTATION WILL BE
DENOTED BY THE PROPER LETTER
AFTER THE LOCATION NUMBER ON THE

FOLLOWING DATA SHEETS

FIG 33 ACCELEROMETER LOCATIONS FOR
VIBRATION TESTS 21 THROUGH 26
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NNNN NN

*26 ON OPPOSITE z*‘I

{ TRUNNION SUPPORT

NOZZLE FLANGE REINFORCEMENT C-RING

TRUNNION MOUNT REINFORCEMENT T~-RING —

kg ON OPPOSITE
TRUNNION

AXIS CONVENTION
@ TANGENTIAL

\ LONGITUDINAL (1)
#20 (L RADIAL

{R)

ACCELEROMETER ORIENTATION WILL BE
DENOTED BY THE PROPER LETTER

AFTER THE LOCATION NUMBER ON THE
FOLLOWING DATA SHEETS

FIG 34 ACCELEROMETER LOCATIONS FOR
VIBRATION TESTS 27 THROU